suggested that the pauses are essentially afterhyperfiring and spontaneous pauses were studied in striapolarizations generated by subthreshold depolarizing tal slices using perforated patch recordings. All hyevents, such as excitatory inputs from the cerebral corperpolarizations, whether spontaneous or generated tex or thalamus. Some, but not all, cholinergic neurons by current injection, were amplified and shaped by recorded in slices exhibit large stereotyped spontanetwo hyperpolarization-activated currents. Hyperpolarous hyperpolarizations that result in transient cesization onsets were regeneratively amplified by a sations of spontaneous activity having approximately potassium current (KIR) whose activation promoted the same duration as those seen in vivo (Bennett and further hyperpolarization. The termination of hyper-
Response to Hyperpolarizing Currents
For 52 neurons, voltage-clamp recordings were used As has been reported previously using a variety of to examine the currents activated between −60 and methods (Jiang and North, 1991; Kawaguchi, 1992;  −110 mV. From a holding potential of −60 mV, 1 s voltBennett and Wilson, 1999), striatal cholinergic interneuage steps were applied. Because there was no comrons invariably showed large stereotyped hyperpolarpensation for whole-cell capacitance in these experiization responses at the onset of a hyperpolarizing curments, the transient response to current pulses included rent pulse or at the offset of a depolarizing current the time course for charging of the neuronal capacipulse (Figure 1 ). The amplitude of these hyperpolarizatance through the electrode resistance, and currents tions was not proportionate to the size of the current usually could not be reliably measured until about 100 pulse. In response to hyperpolarizing current pulses of ms after the onset of a voltage pulse. The trajectories varying amplitude, very small increments in current proof currents following this initial capacitative transient duced transitions from practically no change in memwere adequately fit by single exponentials with time brane potential to responses with nearly maximal constants between 0.2 s and 0.8 s (Figure 2A ). The inamplitude ( Figure 1B) . However, the peaks of the restantaneous current was estimated by extrapolating sponses to small current pulses were delayed relative this exponential curve to the onset of the voltage pulse to the responses to large pulses. At the onset of the ( ). For long current pulses, the steady-state recurrent. sponse was smaller than the peak response, and the difference between the peak and steady-state reBlockade of Na Currents with TTX sponse increased abruptly with small initial increases
The steady-state I-V curves of cholinergic interneurons in the amplitude of the current pulses and was approxiusually show a negative-slope conductance region mately constant thereafter ( Figure 1B) .
positive to the voltage range studied here, between −60 Usually, the afterhyperpolarizations generated by inmV and the spike threshold (−50 mV). This is caused dividual spontaneous action potentials were not suffiby the activation of persistent sodium current and is cient to generate these stereotyped hyperpolarizing responsible for the cells' spontaneous, rhythmic single responses, but in some neurons they could be occaspiking firing pattern (Bennett et al., 2000). It was consionally triggered by single action potentials (Figure sidered possible that the apparent hyperpolarization-1C), depending upon the size of the single spike afteractivated outward current seen at membrane potentials hyperpolarizations. In some cells, this occurred relamore negative than −60 mV in these neurons might be tively often, producing spontaneous single spiking interrupted by stereotyped large hyperpolarizing events.
caused by deactivation of a small, residual, persistent Figure 2C ). Likewise, delay of hyperpolarizations disappeared, and the sag blockade of Na + channels with TTX had no effect on response to hyperpolarizing current was abolished. the responses to hyperpolarizing current pulses, and Likewise, the AHP following depolarization became the large stereotyped AHPs that follow depolarizing much smaller and more graded, and its decay more pulses continued to be in evidence ( Figure 2D ). The efgradual ( Figure 3C ). The response to hyperpolarizing fects of TTX on responses in current-clamp recording steps in somatic voltage-clamp recording also became were measured in a total of 33 cells. These results show linear. The time-dependent inward current (HCN) was that the apparent fast outward current seen in response completely blocked in all cells, and the instantaneous to hyperpolarizing current pulses is not the deactivation input conductance was also increased in the voltage of persistent Na + current, but may be a rapidly activarange between −60 and −80 mV, presumably due to a ting hyperpolarization-activated K + current (KIR), which block of KIR current. In cells showing a negative-slope when smaller than the leak current is responsible for conductance region in the instantaneous I-V curve (like the high instantaneous input resistance in some of the the one in Figure 3) , it was always blocked ( Figure 3B ). neurons (Figures 4 and 5) , and when larger, causes the TTX alone caused a negative shift in membrane potennegative-slope conductance regions seen in the rest of tial, which was also seen in cells treated sequentially the cells (Figures 1-3) .
with TTX and Cs + (as in Figure 3 ), but the effect of TTX was confined to membrane potentials positive to −75 Blockade of Hyperpolarization-Activated mV (as shown in Figure 2C ). The combination of Cs + Currents with Cesium and TTX produced an outward shift in the membrane The time-dependent inward current that dominates the current over the entire range, due to the additional blockade of HCN current (compare Figures 2C and 3B) . membrane currents at the end of a 1 s pulse has pre- shown in Figure 7B . ZD7288 was somewhat less reliable, blocking oscillations in two of four cells. Cs + also blocked spontaneous bursting and spontaneous hyresulting hyperpolarization would gradually engage the perpolarizations in all cells not pretreated with TTX HCN channel, which would then return the membrane (three of three cells). In all cases, the stable membrane potential to its stable resting value over a period of sevpotential achieved after cesium treatment was near that eral hundred milliseconds. This regenerative hyperposeen at the depolarizing maximum of the membrane larization is the apparent mechanism for the all-or-nothpotential oscillation. ing hyperpolarizations seen in cells with powerful KIR channels when challenged with hyperpolarizing current Dynamic Mechanism of the Slow Oscillation pulses or with the AHP current after a period of depo-A summary of the mechanism of the TTX-insensitive larization. If the KIR current were strong enough, it slow oscillation in cholinergic interneurons is shown in Figure 8 . Although the ionic mechanism is different, the might even be possible for it to destabilize the mem- 
Amplify Inhibitory Events ored dots, and the instantaneous I-V curve is drawn for
The results reported here, combined with our previous the value of HCN activation at that point in the cycle.
findings, reveal a mechanism that amplifies and proThe membrane potential at each time point is indicated longs hyperpolarizing events and also makes them by the colored point along the abscissa, and the rate more stereotyped. The mechanism consists of the inof change of voltage is represented by the length of the teraction of three ion channels: (1) the persistent Na + arrow arising from that point. The direction of change channel, which is activated in the voltage range of the of HCN activation is indicated by the direction of the subthreshold approach to firing over most of the depoarrow in the upper right in each frame. During the slow, larizing phase of the interspike interval, (2) a hyperrelatively depolarized phase (Figures 8Bb and 8Bc) of polarization-activated potassium current (KIR) that can the cycle, HCN activation from the previous hyperpolarrapidly and regeneratively hyperpolarize the neuron in ization is gradually decreasing according to the time response to small hyperpolarizations, and (3) the hyconstant of its deactivation (300 ms in this simulation).
perpolarization-activated nonspecific cation current As HCN deactivates, the I-V curve has three zero cross-(HCN), whose activation is responsible for the recovery ings, and the membrane potential lies on the rightmost from hyperpolarizations and thus determines their duone, gradually moving to the left as the I-V curve rises.
ration. These mechanisms not only shape the reAt the point indicated by Figure 8Bc , HCN activation is at its minimum, and the right and middle zero crossings sponses to inhibitory inputs, but are also prominent in generating the afterhyperpolarizations that follow sinhas been shown to be important in the repolarization gle or multiple action potentials. They are responsible of cardiac muscle (Shimoni et al., 1992) , endothelial for the spontaneous pauses that are common in the smooth muscle (Silver and DeCoursey, 1990) , and also background firing patterns of cholinergic interneurons. a cell related to the neurons studied here-the cholinerFinally, the interaction of these mechanisms largely gic neurons in nucleus basalis (Yamaguchi et al., 1990). constitutes the mechanism for slow membrane poten-
The results reported here show that in some neurons tial oscillations that underlie rhythmic bursting in chothe negative slope conductance generated by KIR can linergic interneurons. Deactivation of the persistent sobe the basis for regenerative membrane potential redium current is regenerative and can amplify IPSPs in sponses and oscillations. Because the activation of KIR neurons (Stuart, 1999), but for the spontaneous firing is very rapid, it can produce a rapid polarization that of striatal cholinergic interneurons, its regenerative efcan take the cell close to the potassium reversal potenfect is moderated by the fact that the sodium current is tial before there is any substantial activation of the HCN near the limit of its activation range. Persistent sodium channel that opposes it. In some cholinergic interneucurrent contributes substantially to the current balance rons, these large hyperpolarizations take on an all-orin cholinergic cells at membrane potentials above −60 none character, while in others they do not become mV ( 
